Abstract: Currently, the technology of microelectromechanical systems is widely used in the development of high-frequency and ultrahigh-frequency devices. The most important requirements for modern and advanced devices of the ultra-high-frequency range are the reduction of weight and size characteristics, power consumption with an increase in their functionality, operating frequency and level of integration. Radio frequency microelectromechanical switches are developed using the technology of the manufacture of CMOS-integrated circuits. Integrated radio frequency control circuits require low control voltages, the high ratio of losses to the isolation in the open and closed condition, high performance and reliability. This review is devoted to the analytical approach based on the knowledge of materials, basic performance indices and mechanisms of failure, which can be used in the development of radio-frequency microelectromechanical switches.
Introduction
Radio frequency (RF) electronics of high-frequency (HF) and ultra-high-frequency (UHF) microwave electronics have always needed switches that make low losses in the open state and provide high isolation in a closed state with high permissible signal power and low control power. The first switches fully meet the requirements of steel electromagnetic relays. After many years of improvement modern RF relays provide low on signal loss and high isolation in the off state, but they have such disadvantages as large overall dimensions, high cost and limited resource (from hundreds of thousands to tens of millions of cycles).
The switch on PIN-diodes and field-effect transistors based on GaAs have a number of advantages over the RF relay, consisting in high speed operation, small size and weight, as well as low-power control. However, they introduce higher losses into the microwave transmission line and, therefore, cannot replace electromechanical switches in a number of applications. Further research led to the development of RF switches based on microelectromechanical systems (MEMS), which combined some of the advantages of semiconductor and relay devices.
The comparative characteristics of semiconductor switches are based on PIN-diodes and field-effect transistors, MEMS switches and electromechanical switches of the UHF signal [1] .
Micromechanical microwave switches were first demonstrated by Petersen as cantilever beams using electrostatic actuation [2] .
According to the forecast of MEMS devices market development, published in 2015 in [3] , the following areas of MEMS technologies are noted for high growth: pressure sensors, inertial measurement systems, microfluidic devices and systems. Nevertheless, RF MEMS devices have shown
Analytical Approach to the Development of RF MEMS Switches of Electrostatic Type
The analytical approach in the development of RF MEMS switches has the following structure, shown in Figure 1 . 
The Influence of Switching Characteristics of Switch
RF MEMS switches differ in both the activation mechanism and the principle of switchingresistive and capacitive.
The main criterion in the development of RF MEMS resistive type switches (see Figure 2 ) is the contact area. Large contact areas have less resistance and, therefore, lower contact temperature. The contact area is determined by the applied force and hardness of the material, as well as its ability to form a surface layer with high-resistance. It is also necessary to take into account the adhesive force in the contact-the cantilever or the switch membrane must be sufficiently strong to overcome the adhesive force after removal of the control voltage [1] .
Typically, switches with a resistive switching principle are used in a wide frequency range from 0 to 50 GHz, contact resistance of resistive switch based on gold, as a rule, lies in the range of 0.15-0.4 Ω, contact force on the site is from 80 to 500 µN. However, a feature of resistive switches is the need to supply a sufficiently high control voltage-from 60 to 80 V [13, 16, 17, 34] . RF MEMS switches with capacitive switching principle (see Figure 3) operate by changing the capacitance between the waveguide and the grounded electrode. Typically, switches with capacitive switching principle are used as shunt switches [35] with operating frequencies from 10 to 100 GHz, losses 0.2 dB, isolation from 15 to 35 dB for operating frequencies [19, 36, 37] . The main advantage of RF MEMS capacitive type switches is the ability to develop switches with low control voltage, since there is no need to make a significant effort to create a contact. However, RF MEMS devices of this type are sensitive to surface roughness and internal stresses in the membrane [38] due to the appearance of an additional air gap, which significantly affects the ratio of capacities in the ON and OFF states. The power handling of RF MEMS switches of the capacitive type does not exceed 7 W, since the current density can exceed the critical value due to the high-resistance of the membrane fastening compared to the switches of resistive type [1] .
For the manufacture of high-power handling RF MEMS switches (100 mW and above) more preferred type of contact is the resistive switching principle. This is due to the need to use membranes with a rigid mount for the capacitive switching principle due to the effects of arbitrary operation and high current density, which eliminates their advantages over switches with a resistive switching principle.
For the manufacture of switches of medium and low-power handling (up to 100 mW), switch with capacitive switching principle has an important advantage; the ability to manufacture a switch with low-voltage operation, which allows the use of a single power supply circuit for semiconductor devices and to control the switches.
Causes of Failure of RF MEMS Switches
For RF MEMS switches with capacitive switching principle at low-power handling (1 mW and below) the main failure mechanism is the electric charge of the dielectric film. The solution to this problem is the use of control voltages with variable polarity [39, 40] . For medium-power handling switches (10-100 mW) the main failure mechanisms are related to the electric charge of the dielectric film and failure due to high current density. Problems of failure due to high current density are usually solved by increasing the thickness of the membrane [41, 42] . For high-power handling switches the main mechanisms are random tripping and high current density. Random triggering occurs at a voltage in the RF transmission line comparable to the pull-down or return voltage. The solution to this problem is to increase the stiffness of the switch design and control the membrane using separate electrodes [43, 44] .
For RF MEMS switches with a resistive switching principle at low-power handling (less than 1 mW), the main failure mechanisms are erosion, contact hardening and the formation of dielectric films on the contact. The solution to this problem lies in the selection of materials with the best contact characteristics [45, 46] . Medium-power handling switches (10-100 mW) fail due to high contact current density and contact microwelding. This problem is solved by the selection of materials with better contact characteristics [47] [48] [49] [50] . For high-power handling switches (100 mW or more), the main failure mechanism is temperature rise, high current density and microwelding of contacts. This problem is solved by constructive work on cooling the contact area, the selection of materials contact [35, 51, 52 ].
Selection of Structural Material of RF MEMS Switch with Capacitive Switching Principle
Due to the fact that the stiction of the membrane to the pull-down electrode as a consequence of the electric charge of the dielectric film is one of the main problems of the reliability of RF MEMS switches with capacitive switching principle, significant efforts of researchers in this area have been aimed at reducing or completely eliminating this problem. In this regard, the properties of materials play a very important role in preventing stiction.
The choice of structural material depends on the hardness, resistance and complexity of the process. The properties of the materials significantly depend on the conditions and deposition technology of the material. For example, the specific resistance of the deposited metal film is almost twice that of the original material. Pure Au provides the lowest contact resistance and is inert to the formation of oxides, but it has been empirically found that the predominant number of failures are associated with pure Au due to the point destruction of the contact area under repeated efforts. Hence, pure Au is not suitable as a structural material of RF MEMS switches that require a long lifespan. Solid metals, such as tungsten or molybdenum, are capable of processing sufficiently high-frequency signal power and do not exhibit any stiction problems. However, they are more sensitive to oxidation and require a relatively high initial contact force. Thus, tungsten and molybdenum are not suitable as structural material. From the obtained results, it was found that the evaporated aluminum is one of the suitable candidates as a contact material [53] .
Such materials as gold, aluminum, platinum, molybdenum, copper, and nickel can be used to make an RF MEMS switch with capacitive switching principle [54] [55] [56] [57] .
When choosing the appropriate material, we should address three main performance indexes of the RF MEMS switches with capacitive switching principle: pull-down voltage, the level of RF losses, thermal residual stress. The key material properties are Young's modulus, Poisson's ratio, thermal expansion coefficient and thermal conductivity.
The pull-down voltage is determined by Equation (1) [1] :
where k-the coefficient of stiffness of elastic suspension elements; g 0 -the value of the air gap between the electrodes; A-the area of electrostatic interaction. The coefficient of stiffness k depends on the Young's modulus, thermal residual stress and Poisson's ratio of the material of the membrane and the elastic suspension elements. Consequently, the pull-down voltage can be optimized by selecting a material with the corresponding above properties.
The second performance index is the RF loss level, which can be reduced by selecting a material with good conductivity. The power dissipated by RF is determined by Equation (2) [56] :
where I, R-the current and the resistance of the membrane.
At the RF signal of high-power (from 100 mW and above), the membrane of the switch design experiences self-heating, which leads to a change in the thermal residual stress, which is determined by Equation (3) [56] :
where P loss -the level of power dissipated by RF; R TH -the thermal resistance. Thus, as a result of the analysis, as well as on the basis of material selection diagrams [58] , it was found that the most suitable candidate as the main structural material is aluminum after gold and copper.
The use of structures with elastic suspension elements in the form of a meander or thin beams allows us to obtain low values of the stiffness coefficient and control voltage, which is often a compromise between reliability and switching speed.
However, capacitive RF MEMS switches with a low coefficient of rigidity of the elastic suspension elements and low values of the control voltage are subject to deformation, curvature or deformation of the edges of the elastic elements, which prevents the formation of an air gap. The solution to this problem is to use the sandwich structure as a material of elastic suspension elements and the membrane. It embodies two materials of a given geometry and scale, as shown in Figure 4 , formed in order to provide high strength and bending rigidity at low mass.
The separated surfaces on both sides of the base material increase the moment of inertia of the structure and form a structure that is well resistant to various kinds of deformations and warping [59] . Another major advantage of sandwich structure is that the balanced structure minimizes the thermal-stress-induced upward warpage in the release process [60, 61] .
As shown in Figure 4 , surfaces with a thickness of t take up most of the load, so they must be tough and durable. In this case, it is proposed to use TiN the advantages of which are high hardness, good adhesion and plasticity, high chemical resistance, high wear resistance, resistance to the formation of oxides and high temperature. In addition, TiN layers prevent the formation of warps, deformations of the edges of elastic suspension elements, which may be present after deposition in the process of manufacturing the structure. In other words, the TiN layers balance the residual stresses in the Al layer that have arisen after the technological processes. Also, TiN is characterized by high-resolution in the process of photolithography, due to good light adsorption.
In the end, the composite material is proposed to use the sandwich structure TiN/Al/TiN, as a material of elastic suspension elements and the membrane.
Material Properties of the Sandwich Structure
The various composite material properties, such as Young's modulus (E), Poisson's ratio (ν), thermal expansion coefficient (α), thermal conductivity (K), electrical resistivity (ρ) and density can be determined by Equation (4) [62] :
where P n -the property of material; A n -the cross-sectional area.
Mathematical Model of the RF MEMS Switch with Capacitive Switching Principle
The applied bias voltage is generally separated with respect to the RF signal. One way or another, the potential difference is applied between the membrane connected to the ground lines of the coplanar waveguide and the signal line. Under these conditions, an electrostatic force acts on the design of the switch, which is balanced by the elastic force, depending on the stiffness coefficient k of the elastic suspension elements. In theory, the balance exists until the membrane drops 1/3 of the initial air gap. The membrane then collapses onto the pull-down electrode and a lower voltage value is required to hold it in this position.
The dynamics of the switch are also affected by the presence of a medium (usually air or nitrogen during sealing to eliminate the influence of humidity), which introduces its own friction and causes damping and change in the switching speed [63] [64] [65] . Currently, there are several models that take into account the detailed effect of damping, including the presence of holes in the membrane [1, [66] [67] [68] . In addition, the damping changes the natural oscillation frequency of the membrane.
Another contribution to the movement of the membrane is made by the contact forces of the membrane with respect to the plane of the coplanar waveguide. They are due to the interaction between the two surfaces and the local redistribution of charges. So we should take into account the impact of the forces Van der Waals forces with the effect of the approximation [63, 65] .
Both last components are important in the case when the membrane is close to the fixed electrode or is in contact with the dielectric film.
However, a phenomenological approach is usually applied, which takes into account the influence of specific most important parameters useful to describe the required mechanical and electrical response.
Equation (5) of the balance of forces acting on the design of the switch has the form:
where z-the displacement of the membrane; m = ρAt-the mass of the membrane determined by the material density ρ, area A and thickness t. Taking into account the given physical quantities, Equation (5) can be rewritten in Equation (6) in the following form:
where F e = F d = −αż-the damping force due to the action of the medium, which depends on the speed of the membraneż and the damping parameter α, which in turn is associated with the geometric parameters of the membrane and the viscosity of the medium; F c -contact forces, which can be divided into Van der Waals and surface forces; the first acts as an attractive and the second as a repulsive, with a possible equilibrium position at a given distance from the fixed electrode [63] .
The total capacity according to Figure 3 is calculated using Equation (7):
where 0 = 8.85 × 10 −12 F·m −1 -the dielectric constant of vacuum; r -the relative permittivity of the dielectric material film.
The derivative of C(z) is used to determine the electrostatic force, which is given by Equation (8):
Thus, Equation (6) can be represented in Equation (9):
Coefficient of Stiffness of Elastic Suspension Elements
Various variants of elastic elements of membrane fastening are known, which are used to reduce the coefficient of elasticity. The most frequently used variants of elastic elements of the membrane suspension are shown in Figure 5 . The resulting value of the stiffness coefficient k of the elastic elements fastening and membrane is determined by Equation (10):
where k -the effective stiffness coefficient of the elastic suspension; k " -the coefficient of residual stresses in elastic suspension defined by Equation (11):
where σ-the tensile strength; ν -the Poisson's ratio; w, t, l-the width, the thickness, the length of elastic suspension. The effective stiffness coefficient k depends on the type of elastic suspension fastening:
(a) Fixed-fixed flexure [69] : 
for very stiff truss. (d) Serpentine flexure [71] :
for n 
Approbation of the Analytically Approach in the Development of RF MEMS Switches
Schematic view of the developed design of the integrated RF MEMS switch is shown in Figure 6a -c. The available design of an integrated RF MEMS switch contains substrate with a coplanar transmission line located on it, consisting of two grounding lines and a transmission line. Membrane is made in the form of a plate with perforation, located above the dielectric film with air gap between them. The dielectric film is deposited on the surface of the fixed down electrode, which integrated in the transmission line. Membrane is fixed on the anchor areas (1 level) by means of elastic suspensions consisting of elastic beams in the form of a meander. The fixed upper electrode is made in the form of a plate with perforation used to pull-up the membrane. Movable comb structures and two side electrodes are made in the form of comb structures designed to attract the movable comb structures in the case of action on the construction switch of the external acceleration in the negative or positive direction of the X, Y, Z axes, vibrations or stiction of the membrane in the down or up position.
The switch operates as a variable capacitor with two states depending on the position of the membrane. In the neutral position of the membrane, the capacitance between the membrane and the transmission line is small and the signal flows freely to the output of the transmission line. When a control voltage is applied between the membrane and the fixed down electrode, the charge redistribution occurs, which leads to the appearance of an electrostatic force between them, independent of the polarity of the applied voltage. The electrostatic force causes the membrane to fall to a stationary one and since the structure is bent, tensile forces appear in it seeking to return it to its original position. When the applied control voltage reaches the threshold value, the tensile forces cease to balance the electrostatic forces and the membrane drops sharply to the fixed down electrode. In the down position of the membrane the capacitance value increases sharply and the signal coming to the input of the transmission line shunts to the ground lines.
Materials and topological dimensions of the elements of the integrated RF MEMS switch design are presented in Tables 1 and 2. Table 3 shows the material properties of the sandwich structure. In the proposed design of the integrated RF MEMS switch serpentine flexures are used (see Figure 7) . Equation (16) presented in [72] was used for the calculation the effective stiffness coefficient k of the elastic suspension:
where t-the thickness of meander; a, b-the geometrical parameters of the meander; E-the Young's modulus; ν-the Poisson's ratio; I x -the moment of inertia about the axis x; I z -the moment of inertia about the axis z; J-the torsion constant defined by the following expression: J = 0.413I p ; I p -the polar moment of inertia: I p = I x + I z ; N-the number of meanders in the elastic mount. 
Study of the Dynamic Characteristics
In the electrostatic drive with parallel plates, the device is triggered sharply, which makes some uncertainty. The tensile forces cannot balance the electrostatic forces for a long time and the switch closes as soon as the threshold voltage is reached. The membrane type capacitive microstructure can be modeled as an elastic beam, which is affected by the electrostatic force and the damping force on the film (see Figure 8 ), which is described by Equation (17):
At low pressures, the damping term in (17) can be neglected and the system is inertia-dominated. The electrostatic force acting on the membrane is determined by Equation (18):
where A-the plate area; d-the distance between the plates; V-the applied voltage. The distance x at different voltages is determined from the balance of forces F m = F e , using Equation (19):
By solving Equation (19) in inverse form, it is possible to obtain Equation (20) to determine the value of the threshold voltage:
At a distance of x = x pull−down = 2d/3, the V(x) reaches its maximum value V pull-down and the membrane falls on the fixed down electrode. V pull-down determined by Equation (21):
For the MEMS switch to stay in the down-state position the electrostatic force must be larger than the mechanical restoring force F m = k(g 0 − g) and this is achieved for a hold-down voltage. The hold-down voltage is determined by the following Equation (22):
The voltage at which the membrane is raised by the elastic forces is determined by Equation (23):
The switching time of RF MEMS switches with electrostatic activation mechanism strongly depends on the applied voltage. In most cases, this voltage is 1.3-1.4 of the pull-down voltage in order to obtain a small switching time. A very high switching voltage leads to an increase in electrostatic force, which in turn adversely affects reliability.
The resonant frequency of any system modelled as spring is given by Equation (24):
The frequency of operation of the integrated RF MEMS switch can be defined using Equation (25):
The switching time in down state of the integrated RF MEMS switch can be determined using Equation (26):
Analytical Equation (27) for the determining the switching time in initial state can be derived by using the energy method (V s = 0) [73] .
The Calculation Capacity of the Membrane Considering Perforated Holes
Capacitance of parallel plate thickness t, as shown in Figure 9 is defined by Equation (28) presented in [74] :
Each of the perforated square holes of the membrane can be defined as a separate parallel flat capacitor. There are three components of the container: (a) the capacitance of the membrane; (b) the capacitance in the area of the membrane thickness edging; (c) the capacitance in the area of the hole edging. In this case, the total capacitance in the up state is calculated using Equation (29) [75] :
where w-the signal line width; W-the beam width; t d -the dielectric film thickness; t b -the beam thickness; n l -the number of holes along the length; n w -the number of holes along the width; w h -the hole area. To find the down state capacitance air height g 0 = 0 will be considered in Equation (29) . Figure 10 shows the dependence of the membrane displacement on the applied bias voltage. At V(x) < V pull-down the membrane is in a stable region. At V(x) > V pull-down the membrane collapses on the fixed down electrode, which corresponds to the unstable part in the Figure 10 . The calculated value of the pull-down voltage is 5 V.
The Results of the Study of the Dynamic Characteristics and Discussion of the Results
The dependence of the stiffness coefficient k of the elastic fastening elements of the membrane on the number of meanders N is shown in Figure 11 . Figure 12 shows the dependence of the value of the pull-down voltage on the stiffness coefficient k of the elastic suspension elements. As can be seen from Equation (21), V pull-down can be reduced in several ways. For example, when the distance between the membrane and fixed electrode is reduced, both the pull-down voltage and the ratio of the capacitances of the control variable capacitor are reduced, which greatly affects the ratio of the insertion loss and the isolation of the RF MEMS signal of the switch.
The increase in the area of the membrane entails an increase in its own losses, as well as an increase in residual stresses.
Thus, there remains a third option, which involves reducing the stiffness coefficient of the elastic elements of the membrane. Mounting with geometry in the form of a meander allows us to flexibly solve the problem in different frequency ranges and for different pull-down voltage. Figure 13 shows the dependence of the t pull-down from different switching voltage (V s ) values. Switching time analysis is critical to the design of RF MEMS switches, as achieving a short switching time from ON to OFF is a major challenge. It should be noted that the time of pull-down is slightly longer than the time of return to the initial state even in the case of a significantly greater potential difference than the V pull-down . 
Development and Modeling of Equivalent Circuit
For this integrated RF MEMS switch, the electrical impedance is determined by Equation (30):
For a given LC circuit the resonance frequency is determined by Equation (31):
Thus, the resistance of the switch can be represented by Equation (32):
The elastic fastening of the membrane plays an important role for the RF parameters of the switch, since they have inductance and resistance, affecting the passage of the RF signal.
To calculate the RF characteristics of the proposed design of an integrated RF MEMS switch LC isolation elements (C 1 , C 2 , C 3 , C 4 , C 5 , C 6 ) for the control voltage from the RF signal were introduced into the existing electrical circuit which is implemented directly on the topology-capacitances located on the signal line (C 1 , C 2 ) and membrane anchors (C 3 , C 4 , C 5 , C 6 ) separating the constant control voltage from the RF signal. Inductance preventing the passage of the RF signal in power supply is located outside the circuit.
To calculate the inductance of the elastic fastening element (L 1 , L 2 , L 3 , L 4 ) were used Equation (33) [76] .
where l, w, t-the length, width, thickness of the conductor. When calculating the switch, the inductance resistance was calculated by Equation (34):
where ρ-the resistivity of multilayer structure; L-the length of the conductor; S-the area of the conductor. As a result of the calculations, the parameters of the electrical circuit of the proposed integrated RF MEMS switch were obtained, as shown in Table 5 . A electrical circuit of a integrated RF MEMS switch with LC isolation control signal is shown in Figure 16 . The results of simulation of RF signal transmission are shown in Figure 17 . Optimization and calculation of RF parameters of integrated RF MEMS switch is carried into effect in the Advanced Design System (ADS) CAD. 
Technological Route of Manufacturing of the Developed Design of a RF MEMS Switch
The technological process of manufacturing an integrated RF MEMS switch is shown in Figure 18 . The process is characterized by a low deposition temperature of layers (not more than 350 • C) in order to prevent damage to the CMOS IC.
At the beginning of the CMOS IC, it is manufactured using a standard CMOS process with formation of through holes. Then, the lower structural elements of the switch are formed, such as coplanar waveguide, fixed down electrode, anchor areas. The sacrificial layer is the photosensitive polyamide at various stages of formation of structural elements of the switch. Then, the upper structural elements such as the membrane, elastic suspension elements, the pair of side electrodes, the fixed upper electrode are formed. After forming the walls and cover for the capsule sealing, the sacrificial layers of polyamide are removed through holes in the capsule and fixed upper electrode membrane using dry etching. Finally, the holes in the capsule are sealed. The layer of sealing prevents switch failures that can be caused by contamination or high humidity. Consequently, the integrated RF MEMS switch shown in Figure 6 is manufactured using CMOS IC technology. 
Conclusions
RF MEMS switches are of classic MEMS devices for RF and microwave applications. In these devices, mechanical motion is used to close or open the RF transmission line (for a given frequency band). In other words, the total input impedance of the RF transmission line is controlled by the mechanical motion of the moving element of the RF MEMS switch design.
The field of application of RF MEMS switches is rigidly connected with their parameters. Solid-state analogs of RF MEMS switches have a good combination of low-power consumption, high switching power, low insertion losses and high isolation value in the closed state. However, electromechanical parameters such as control voltage and switching time are characterized by extremely high values, which complicates their integration into RF control circuits and reduces the scope of application. Electromechanical parameters are interrelated and the improvement of some can lead to the deterioration of others. It is possible to distinguish several main directions of improvement of electromechanical parameters: replacement of traditionally used materials on new perspective, and development of new original designs and technological decisions.
The analytical approach to the development of RF MEMS switches allows us to develop designs with the best ratio of parameters for specific applications, which is demonstrated by the example of the developed design of an integrated RF MEMS switch with a capacitive switching principle with low control voltages, high switching speed and suitable for using in the X frequency range (8-12 GHz) in terrestrial and satellite radio communication devices.
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